A new interpretation of large amplitude earthquake accelerations recorded at the Kashiwazaki-Kariwa nuclear power station during the Niigata-ken Chuetsu-oki earthquake in 2007 is provided from the viewpoint of non-linear local interaction between an embedded building and its surrounding soil. An occurrence mechanism is investigated by the dynamic response analysis in which a bi-linear restoring-force characteristic with a gap-slip process is used. The Ricker wavelet and the continuous sweep sinusoidal wave are adopted as an input. The amplification is explained to be induced by an additional higher mode due to the change of a support condition, such as a gap between an embedded building and its surrounding soil.
mechanism of the large acceleration value (Kamagata and Takewaki, 2013a) . One of the authors participated in the field investigation of the Kashiwazaki-Kariwa nuclear station one month after the earthquake and paid attention to the non-linear behavior between the embedded building and the surrounding soil (Kamagata, 2009 , Japan Nuclear Energy Safety Organization, 2009b .
Two years after the above-mentioned earthquake, the maximum acceleration 4.38m/s 2 was measured at the Hamaoka nuclear power station during the Suruga-bay earthquake in 2009. The authors analyzed the seismic records and detected a local vibration mode in the underground soil beneath the building and the rocking behavior of building foundation by the numerical integrated displacement profiles (Kamagata and Takewaki, 2013b) .
During the 2011 off the Pacific coast of Tohoku earthquake, the operation of Fukushima Daiichi nuclear power station was automatically stopped and the tsunami after the earthquake caused the blackout of the station, which stopped the cooling system and caused the meltdown of the nuclear reactor, the hydrogen explosion and the radioactive contamination. The authors analyzed the seismic records at the Onagawa nuclear power station and have found that the level of measured seismic records was almost equivalent to the extreme design basis earthquake (Kamagata and Takewaki, 2013c) . The specification of three seismic records is listed in Table 1 . The profiles of shear-wave velocity in depth direction at three NPS sites are illustrated in Fig.3 . The surface soil at the Kashiwazaki-Kariwa NPS and Hamaoka NPS is soft-rock with the shear-wave velocity smaller than 500m/s. On the other hand the soil of Onagawa NPS is the hard rock with the shear-wave velocity larger than 1500m/s. The maximum amplitude spectra of three seismic records are compared in Fig.4 . The maximum amplitude spectra of the seismic record at the Kashiwazaki-Kariwa NPS exceeded those of other records. The record 1R2 (EW) is compared with an artificial wave at the Kashiwazaki-Kariwa NPS by the non-stationary Fourier spectra (see Fig.5 ). The dominant components of the artificial wave scatter in the frequency and time domains with the amplitude of 2.0m/s 2 . On the other hand the single dominant component is observed in 1R2(EW) and the amplitude exceed 4.0m/s 2 , which is more than two times larger than the maximum amplitude of the artificial wave (see Fig.6 ). The pulse wave of 1R2(EW) is an extraordinary seismic event. In the previous research (Kamagata and Takewaki, 2013a) , the authors focused on the pulse wave of 1R2(EW) and investigated the non-stationary property of the seismic records. Different from the approach in Kamagata and Takewaki (2013a) , the occurrence mechanism of large accelerations at the Kashiwazaki-Kariwa nuclear power station during the Niigata-ken Chuetsu-oki earthquake in 2007 is investigated in this paper by the analysis of a simplified numerical model. Regarding the soil-structure interaction (SSI) (Wolf 1985 (Wolf , 1988 , many researches have been conducted without the consideration of non-linear interaction between an embedded building and its surrounding soil since the nuclear power station was constructed at the hard rock site.
The recent seismic events exceeded the assumption of elastic design and the research of non-linear soil-structure interaction has been conducted (Bolisetti and Whittaker, 2011 , Gazetas et al., 2013 , Kishida and Takewaki 2010 .
The numerically integrated displacement profile (red dotted line) is illustrated with the acceleration profile (blue solid line) in Fig.7 , from which the authors have found the large acceleration related to the second deformation with the amplitude of 0.4m at 10s (Kamagata and Takewaki, 2013a ). The displacement profiles of the EW component (blue solid line) which recorded the maximum acceleration 6.8m/s 2 and the UD component (dotted line) are illustrated with the orbit in Fig.8 . Two cycles of displacement after 5s are discriminated by the colors of brown and green. Both amplitudes of peak to peak are almost 0.36m and the duration of second cycle is shorter than the first cycle. Both displacement profiles are illustrated as an orbit, in which the second cycle of displacement is found to be the horizontal movement with high speed since the interval of neighboring dots is wide. Regarding the occurrence mechanism of large amplitude acceleration, the third asperity was assumed near the Kashiwazaki-Kariwa NPS site and amplification by the fold structure 2km below the ground surface was estimated by Tokyo Electric Company (2007, 2008) . The second author inspected the seismic hazard at the Kashiwazaki-Kariwa NPS after the earthquake in 2007 as a member of JNES and detected the less damage of the reactor building. He also investigated the non-linear interaction between the building and the side soil from the subduction of side soil at the reactor building and found that the maximum amplitude acceleration was caused by the pulse wave. The non-linear behavior in the side soil and the transient response process
are new view-points in this paper. On the other hand, the previous research was based on the stationary linear response process as shown by Der Kiuregian (1996) and Wolf (1985, 1988) .
Based on the field investigation the Tokyo Electric Power Company reported on the subduction at the side-soil of the embedded foundation and the residual deformation of foundation in the vertical direction (Tokyo Electric Power Corporation, 2007 .
The authors pointed out the importance of the research on the non-linear contact behavior between the embedded building and its surrounding soil and the rocking of the foundation as shown in Fig.9 (Kamagata and Takewaki, 2013a) . There is an issue on the understanding of the maximum values of earthquake ground motions. Strasser and Bommer (2009a, b) uncertain parameter (not a probabilistic distribution). In the research field of structural engineering, the critical excitation was proposed by Drenick (1970) . Takewaki (2006 Takewaki ( , 2013 formulated several critical excitation methods for important structures based on this concept. He pointed out that the acceleration power (time integration of squared ground acceleration) plays a key role rather than the maximum ground acceleration with large variability. In order to respond to such worst case, Kobori, Kanayama and Kamagata (1989) investigated the seismic response control considering the use of special structural devices with the nonlinear property.
Bi-linear restoring-force characteristic with gap-slip process
Different from the preliminary approach (Kamagata and Takewaki, 2013a ) based on analysis of the seismic records, the subduction at the contacting-soil to the embedded building is investigated by a numerical analysis. A bi-linear restoring-force characteristic with a gap-slip process is adopted and the iteration method is introduced in the incremental numerical integration scheme.
Numerical integration using iteration for convergence
In the numerical integration, the trapezoidal rule is adopted with iteration to satisfy the equilibrium at each incremental step.
and stiffness matrices and ( ) { }
denote the ground acceleration and the response displacement. The equations of motion can be described by
The restoring force vector
of the link springs in the i-th iteration step at time t can be expressed by
Eq. (2) 
The equilibrium is satisfied by iteration for the following condition.
The corresponding response acceleration may be expressed by
The convergence of equilibrium is evaluated by Equations (12) and (13).
The accuracy of the iteration is discussed in Appendix-1.
Analytical model of non-linear soil-structure interaction
An assumed amplification mechanism in the acceleration response is verified by using the 3DOF model as shown in Fig The model parameters are shown in Table 2 . The natural periods without and with interaction between the building and its surrounding soil are shown in Table 3 . The fundamental mode without interaction is the eigenmode of the building and the natural period is 0.459s (2.18Hz). The second mode without interaction is the eigenmode of the surrounding soil and the natural period is 0.201s (4.98Hz). The fundamental natural period of 0.318s (3.14Hz) with interaction is shorter than that without interaction due to the effect of the embedded foundation. 
Response to Ricker wavelet
The resemblance of the pulse wave of the seismic record and the Ricker wavelet as shown in Fig.12 has been pointed out (Kamagata and Takewaki, 2013a , Kamagata, 2009 , Japan Nuclear Energy Safety Organization, 2009b . In order to investigate the effect of the pulse wave on the seismic response in more detail, the Ricker wavelet is used in this section. The maximum acceleration of the foundation occurs after the main shock of the Ricker wavelet (0.88s). In the displacement profile of the foundation, the period differs in each half cycle (shaded by blue and green color) and the period of the surrounding soil (brown colored line) is shorter than that of the building, which is caused by the non-linear interaction between the foundation and its surrounding soil.
The force profile of the link-spring is illustrated with the acceleration profile in Fig. 14. The maximum pulse in the acceleration profile occurs after the input of Ricker wavelet, which is coincident with the ends of the gap-slip process in the link-spring. The sharp change of the supporting force by the surrounding soil appears to cause the large pulse in the acceleration profile like a collision phenomenon. The hysteresis of the link-spring is illustrated in Fig.15 , which shows a yielding process twice in the positive and the negative directions and the peak-to-peak amplitude is 9mm. The energy profiles (time histories) of three shear-springs and one link-spring are illustrated in Fig.16 . The occurrence time of the maximum energy differs in each energy profile. The maximum absorbed energy of the link-spring reaches to 0.42Nm. 
Influence of elastic limit in soil deformation
The influence of the elastic limit (D y ) in soil deformation on the seismic response is evaluated analytically. The following two cases are considered.
G y is the post-yielding stiffness.
The acceleration and displacement profiles are illustrated in Fig.17 . In the acceleration profile of CASE-A2, the maximum acceleration 4.63m/s 2 occurs in the free vibration process. In the displacement profiles, the phase of CASE-A1 delayed from that of CASE-A2 after 0.5s and the dual peaks are observed in CASE-A2. The hysteresis curves of both cases are illustrated in Fig.18 . The maximum amplitude of CASE-A1 (5.2mm) is 1.7 times of CASE-A2 (3.0mm). The created gap width of CASE-A1 (8.2mm) is 2.6 times of CASE-A2 (3.1mm). It can be said that the difference of the elastic limit gives a major influence on the seismic response.
The energy profiles (time histories) are illustrated in Fig.19 . The energy of CASE-A1 (0.42Nm) is 1.35 times of CASE-A2 (0.31Nm). The parameters of Ricker wavelet are frequency=3.0Hz and the amplitude=2.0m/s 2 .
The acceleration and displacement profiles of CASE-B1 and CASE-B2 are illustrated with the Ricker wavelet in Fig.20 . The maximum acceleration in the case of CASE-B2 is 30% larger than that of CASE-B1. The maximum displacements of both cases are almost the same. It can be said that the difference of the post-yielding stiffness gives less influence on the seismic response. 
Influence of input level
The restoring-force characteristics of the non-linear system lead to a nonproportional relation between the input level and the output level. As for the input wave, the Ricker wavelet of 3Hz is adopted and seven levels from 0.5m/s 2 to 2.0m/s 2 with a pitch of 0.5m/s 2 are analyzed. The acceleration and displacement profiles of the foundation are compared in Fig.23 .
In the acceleration profiles, the maximum response is related to the pulse wave which occurs at a different time in each input level. In the level from 1.5m/s 2 to 2.0m/s 2 , the maximum response occurs after the main part of the Ricker wavelet.
In the displacement profiles, the maximum response occurs in the second cycle.
This resembles the occurrence mechanism of the large acceleration at the seismic record of the Kashiwazaki-Kariwa nuclear power station during the Niigata-ken Chuetsu-oki earthquake in 2007. The characteristic of the amplification ratio at the link-spring is caused by the phase of the foundation (black line) and the surrounding soil (brown line) (see Fig.25 ). 
Influence of input frequency
Consider the fundamental and second natural frequencies of the analytical model.
The Ricker wavelets are adopted at the frequency from 2Hz to 5Hz as shown in Fig.31 . Ricker wavelet 2m/s 2 Gy=0.01G Dy=0.5mm h=5%
Acceleration profile Displacement profile Fig.32 Comparison of input level Dy=0.5mm
As shown in Fig.33 , the pulse wave in the acceleration profile is related to the pulse of the link-force profile. In the case of 2Hz, no pulse-like wave is observed after the input. On the other hand, a pulse-like wave is observed in the case of 3Hz, which causes the maximum acceleration. The maximum acceleration at the foundation and the maximum deformation of the link-spring are compared in Fig.36 . The maximum acceleration at 3.5Hz and the maximum deformation of the link-spring at 2.5Hz are the largest in the frequency from 2.0Hz to 5.0Hz, which may result from the resonance at the fundamental natural frequency (3.14Hz). 
Response to continuously sweeping sinusoidal wave
In order to investigate the influence of the input wave frequency, the following continuously sweeping sinusoidal waves as shown in Fig.37 are adopted. 10.0s (18) where T N is the duration. They are analyzed by the non-stationary Fourier spectra. The dominant frequency components of both continuously sweeping waves change continuously in the duration (see Fig.38 ). The amplitude of the dominant component is 1.0m/s 2 and the property of input waves is analyzed (see Fig.39 ). The response profiles by the continuously sweeping sinusoidal wave with the amplitude of 1.0m/s 2 are illustrated in Fig.40 . In the acceleration profile, two kinds of resonant vibration occur, which are related to the fundamental and second natural modes of the model. In the displacement profile, two kinds of resonant vibration occur at the foundation and continuously increasing amplification occurs at the building top. In addition, the short resonant vibration from 4s to 6s occurs at the surrounding soil.
The response properties at the building top, the foundation and the surrounding soil are investigated on the influence of two kinds of continuously sweeping sinusoidal wave, which are denoted as sweep-A (form low to high frequency) and sweep-B (from high to low frequency). In order to investigate the pulse-like wave in detail (enclosed by orange colored line), the frequency range of the non-stationary Fourier spectra is expanded to 15Hz. In case of sweep-A, the dominant component of 8Hz occurs at around 3s and the subsequent dominant component from 10Hz to 8Hz occurs at 7 to 9s in case of sweep-B (see Fig.43 ). The amplitude at 8Hz is 1.0m/s 2 and the difference is small in both cases (see Duration of 10 second Duration of 3.5 second Fig.44 Non-stationary Fourier spectra of acceleration profile at building foundation The difference of the duration at higher frequency is related to the number of collapses in the gap-slip process, which is confirmed in the hysteresis curve of the link-spring as shown in Fig.45 . The number of collapses is 4 in case of sweep-A and more than 10 in case of sweep-B. The subsequent enlargement of the gap leads to the change of frequency from 10Hz to 8Hz in case of sweep-B. The energy profiles of the shear spring and the link-spring are illustrated in Fig.45 . The magnitude of energy is related to the stiffnss and the response amplitude. The accumulated energy in the link-spring can be regarded as the plastic energy in the side soil of the embedded building (see Fig.46 ). 
Conclusion
The mechanism of the large amplitude acceleration in the seismic record has been simulated by using a simplified 3DOF model in which the bi-linear restoring-force characteristic with a gap-slip process is adopted for the link-spring between the foundation and its surrounding soil.
In the simulation, the pulse-like wave occurs at the end of the gap-slip process which is similar to a collision behavior. The maximum acceleration occurs in the second cycle of large deformation, which is coincident with the behavior of the foundation of the reactor building at the Kashiwazaki-Kariwa nuclear power station during the Niigata-ken Chuetsu-oki earthquake in 2007. In the wide range of parameters, it has been found that the elastic limit displacement of soil has a major influence on the gap width of the foundation and its surrounding soil. The gap width became larger linearly as the input level increases.
Regarding the amplification behavior due to the deterioration of the side soil, the continuously sweeping sinusoidal wave has been adopted as the input wave. The dominant frequency components have been analyzed by the non-stationary Fourier spectra. It has been found that the deterioration of the side soil causes the shift of natural frequency to lower. This causes the amplification in the response to the continuously sweeping sinusoidal waves in high to low frequency. Moreover it has been observed that the cyclic enlargement of the gap width leads to the frequency shift of the higher mode by the collision at the end of the gap-slip process.
The occurrence mechanism of the large amplitude acceleration is not necessarily related to the asperity of the seismic faults and the research of the interaction between the building and its surrounding soil should be investigated by considering the nonlinear behavior. The nonlinear interaction between the embedded building and its surrounding soil may be one of the important factors in the large amplitude acceleration events. The maximum level of ground accelerations should be discussed in more detail from the viewpoints including various uncertainties (Strasser and Bommer 2009a , Castaños and Lomnitz 2010 . Some of the simplifying assumptions made regarding the treatment of uncertainties in conventional probabilistic seismic hazard analysis (PSHA) procedures may contribute to generate overly conservative results when extended to low annual frequencies of excess and there is a limit to discuss such issue only from a very short span of past observations. 
